Photochemically produced H,O, was found to accumulate at micromolar concentrations in intertidal Waddcn Sea areas. Annual amplitudes of solar radiation lead to variations of the intertidal H,O, accumulation with concentrations between 1 and 4 p,mol liter 1 during summer, while winter concentrations were mostly CO.5 pmol liter-l. Diurnal variations of H,O, accumulation over daily low-tide periods in intertidal environments are determined by the incident solar radiation, the concentration of UV-absorbing dissolved organic carbon in the water, as well as the concomitant biological and chemical H,O, degradation within the sediment surface. The efficiency of photosynthetic available radiation (PAR), UVA and UVB photons for photochemical H,O, production was assessed using cut-off filters in the UVB and in different UVA ranges. UVB photons (295-320 nm) displayed an 1 i-fold higher efficiency compared to UVA (335-370 nm) and a 340-fold higher efficiency compared to PAR photons (>400 nm). A 10% ozone reduction leads to a doubling of UVB surface irradiance at 300 nm, which entails a 30 and 40% increase of the apparent intertidal H,O, concentrations. Progressive stratospheric ozone depletion via UVB-induced H,O, formation will have yet unpredictable effects on boreal and Antarctic intertidal ecosystems.
Hydrogen peroxide (H,O,) is a nonradical active oxygen species, which in aquatic environments predominantly derives from UV-driven photoactivation of dissolved organic carbon (DOC). Excited DOC transfers an electron directly to dissolved molecular oxygen to form superoxide radicals (O;-, Moore et al. 1993) , which disproportionate and protonate to yield H,O, (Petasne and Zika 1987) . H,O, is actually the first metastable product of photochemical oxygen reduction and ubiquitiously measurable in surface waters, where its concentrations increase linearly with solar flux (Johnson et al. 1989) . In freshwater H,O, concentrations range between 30 and 3,200 nmol liter-l (Cooper and Lean 1989; Cooper et al. 1989; Price et al. 1992; Moore et al. 1993) . In surface seawaters H,O, concentrations between 30 and 400 nmol liter-' have been recorded, mostly in coastal and estuarine areas (Zika et al. 1985; Johnson et al. 1989; Price et al. 1992; Fujiwara et al. 1993) . Oligotrophic oceanic water surface concentrations are mostly below or -100 nmol liter-' (Cooper et al. 1987; Johnson et al. 1989) . Water column depth profiles show decreasing H,O, concentrations, reflecting downward mixing below UV penetration depth (Cooper et al. 1989) . As chemical H,O, decomposition is slow, H,O, can be employed as a marker for vertical transport of surface waters, if biological (mostly catalase) rates of decomposition are known.
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Thanks go to Ing. Thomas Hanken, who carried out the UVB measurements in Dorum, and to Petra Wencke, who provided excellent technical assistance Due to the periodicity of tidal submersions and emersions, the Wadden intertidal offers extreme living conditions with respect to physical factors such as temperature, salinity, oxygen concentrations, and water currents. During daytime tidal emersion, oxygen saturations of up to 300% are encountered in shallow intertidE rockpools (Bridges et al. 1984; Truchot and Duhamel-Jouve 1980) due to photosynthetic oxygen production by benthic microalgae. In some intertidal pools the water is stagnant for hours, so that on sunny days it receives intensive solar radiation that leads to an increase of water temperatures and may also enhance superoxide production and peroxide accumulation. Other sources for peroxide in surface pools could be autotrophic activity of the microphytobenthos (Stevens et al. 1973; Palenik et al. 1987; Roncel et al. 1989) , as well as atmospheric input from rain, which can contain up to 34 pmol liter-I H,O, (Cooper and Lean 1989) .
Several papers describe the impact of H,O, on the physiology of aquatic organisms. In plants micromolar H,O, concentrations inhibit CO, fixation (Kaiser 1976 ) and photosynthetic oxygen production (Pamatmat 1988) , while millimolar concentrations inhibit growth of the chlorophyte Dunaliella barduwil (JimCnez and Pick 1993) . Millimolar H,O, concentrations were observed to trigger spawning in some intertidal molluscs (Morse et al. 1977) . At lower concentrations of 5 p,mol liter-l H,O, leads to a reduction of body movements and an up to 50% decrease of the oxygen consumption of the polychaete Nereis diversicolor (Abele-Oeschger et al. 1994) . The same concentration also leads to a significant reduction of bivalve filtration rates (40%, Abele-Oeschger and Buchner 1995) . Epibenthic animals like the shrimp Crangon crangou are less sensitive to elevated H,O, levels, but the observec. effects on aerobic metabolic rates are the same. The oxygen consumption of C. crungon is reduced by 25% at 20 kmol H,O, liter-' (Abele-Oeschger et al. 1996) .
The objective 13f this study was to evaluate the extents and dynamics of UV-driven H,O, formation in the Wadden intertidal, with regard to possible effects on the intertidal macrofauna. Annual and short-term variations (over daily ebb H202 dynamics on intertidal sandflats periods) of H,O, concentrations in the surface of an intertidal sandflat at the German Wadden coast were recorded. The data from Wadden intertidal environments were compared to measurements in the water column of the German Bight, North Sea. Experiments in the field and in a sunlight simulator in the laboratory were conducted to assess the effect of different UV-ranges and of photosynthetic available radiation (PAR) on the formation of H,O,.
Materials and methods
Sampling site-Studies of the dynamics of H,O, formation were carried out on an intertidal sandflat off the German Wadden coast, near Bremerhaven. The station was chosen, because it represents the main area of fieldwork for various biological studies. The sampling site is a tidal pool -500 m from land. It covers -10 m2 surface area and has a maximum depth of 15 cm. The duration of tidal emersion is -5 h. In the pool long-term salinity changes of between 17 and 26%0 were recorded. The sediment beneath the pool is sandy, composed of 95% particles in the 63-250~pm grain size range and 4.2% silt (<63 Fm). Sediment porosity is 0.4, corresponding to 20% water per unit wet weight. Organic matter comprises 0.73 L 0.3% of the sediment dry weight.
The macrofauna colonizing the sediment is dominated by the three polychaetes, Arenicola marina, Heteromastus jiliformis, and Nereis diversicolor. All three polychaetes are bioturbate species that, through burrow constructions and feeding movements or burrow ventilation (only Arenicola and Nereis), enhance penetration of oxic, peroxide-containing surface water into deeper, anoxic sediment layers.
Sampling for long-term recordings of the H,O, concentrations were carried out at monthly intervals between winter 1993 and winter 1995. Sampling time was mostly, although not always, between 1300 and 1600 h, so that not all data represent maximal daily values. Water from surface pools was sampled directly into plastic centrifugation tubes. Samples were kept dark and below 15°C prior analysis, H,O, concentrations were measured immediately after returning to the laboratory, so that the longest interval between sampling and analysis was about 1 h. In each case, samples were centrifuged prior to analysis (6,000 g, 5 min) and at least duplicate assays were run of each sample.
H202 dynamics over tidal emersion periods--These were studied on 27 and 28 April 1993 and in 1995 from 8 to 11 May. During these campaigns, samples were analyzed at a field station, so that intervals between sampling and analysis were reduced to less than 15 min. Samples were taken at 30-min intervals. Oxygen saturation and temperature were recorded in the tidal pool every 30 min. UVB radiation in the range 280 and 320 nm was measured continuously only in May 1995.
Action spectra-To assess the effect of different spectral ranges, -500 ml of natural, untreated seawater was enclosed with Plexiglas corers that were driven into the sediment, leaving them jut out 10 cm above the sediment surface. Cut-off filters were placed on top of the corers. The development of H,O, concentrations was measured in each of the incubated water volumes at half-hourly intervals. Another experiment was performed to assess the effect of H,O, decomposition due to microbial or chemical processes at the sediment-water interface. Glass jars were placed into the tide pool, filled with 500 ml of natural seawater, and covered with cut-off filters. Filters were from Schott, Germany: WG295, WG305, WG320 in the UVB range and WG335, WG360, WG370 in the WA range, as well as GG420 in the PAR range.
Laboratory experiments-For laboratory experiments the same set of cut-off filters and a quartz plate (reference filter) were used. Unamended seawater from the study site was kept in the dark at room temperature. A sample of 150 ml of this water was illuminated in a laboratory incubator, simulating radiation equaling an atmospheric ozone content of 220 Dobson units (DU) with a constant photon fl~x~~-~~)~,,, of -1,200 pmol photons m-2 s-l and an ambient temperature of 20°C. The sample was illuminated with a 400-W Metallogen lamp, that contains a number of lanthanide rare earths, resulting in a solar-like continuum. The parallel light beam passes from above through a neutral density filter, three liquid filters with quartz windows, and a diffusor plate. The filters were variable in thickness to simulate most natural radiation conditions due to the different extinction coefficients. The sample was positioned in a double-walled glass jar and kept at a selected temperature with a thermostat, to allow operation at different temperatures. The different cut-off filters were positioned on top of the glass jar containing the water sample. The H,O, concentration was measured at IO-min intervals over a total period of 90 min. Hourly production rates were calculated for each 10-min interval.
Sampling of water column profiles in the German BightWater column profiles, water from the benthic boundary layer, and subtidal sediment porewater were sampled on a ship cruise to the North Sea, near the island of Helgoland on 14 June 1993. A Niskin water sampler was used for water column profiles. To obtain undisturbed samples from the benthic boundary layer and the upper sediment column, a sed.-iment corer was provided by the Max Planck Institute for Marine Microbiology, Bremen, with which an undisturbed sample from the sediment (lo-15 cm) and the overlying bottom water could be recovered. Subtidal porewater was collected with glass or stainless steel porewater samplers from the upper 10 cm of sediment into lo-ml syringes that had previously been filled with nitrogen, to reduce oxygenation of the porewater. Peroxide measurements were performed immediately after sampling on the ship. Samples were centrifuged prior analysis (3 min, 1,500 X g).
Fluorometric H,O, analysis-Peroxide was analyzed fluorometrically using scopoletin (7-hydroxy-6-methoxy-2H-benzopyran) as a fluorescence indicator (Andreae 1955) in a peroxidase-catalyzed reaction (Kieber and Helz 1986; Cooper et al. 1989) . A Kontron SFM 25 fluorometer was used at 365-nm excitation and 490-nm emission wavelengths. To 3 ml of water sample 50 ~1 of phosphate buffer (100 mmol liter-l, pH 7.0) and 20 ~1 of a scopoletin solution (0.1-0.2 mg in 2 ml phosphate buffer) were added. After stirring, the relative fluorescence was adjusted to 100% reading. Then, 20 ~1 of horseradish peroxidase (EC 1.11.1.7, Serva: 592 U mg-', 1.25 mg dissolved in 1 ml phosphate buffer) were added and the subsequent fluorescence decrease recorded on a Kontron Plotter-800. When the reaction was terminated, 20 ~1 of an H,O, standard containing 0.4 nmol in purified Milli-Q water were added and the decrease in fluorescence recorded again. H,O, standards were calibrated iodometritally. Purified Milli-Q water contained up to 30 pmol H,O, per ml, so that the total of 110 ~1 of buffer and standard added about 3 pmol of H,O, to each sample, which is below the detection limit. The method is exact to 220 nmol liter-l.
H,O, concentrations in water samples were calculated according to:
%decrease,,,,,, X 0.4 nmol X 1,000 ml %decrease,,,,,;,, X3ml '
The specificity of the scopoletin-peroxidase assay for H,O, in intertidal waters was tested by adding catalase to the water samples. This removes all of the H,O, present in the sample. The residual fluorescence decline after peroxidase addition is caused by organic hydroperoxides. The residual fluorescence decline after catalase addition accounted in no case for more than 1% of the initial response. Thus, organic hydroperoxides were absent in intertidal waters tested. The validity of the method was further tested by spiking samples with a known H,O, concentration between 1 and 3 pmol liter 1 and then checking for the added end concentration. Temperature and oxygen saturation (%) in tidal pools were measured with a WTW OXI 196 oximeter. Aliquots of surface sediments from both stations were dried for 48 h at 60°C to obtain the sediment dry weight, i.e. the water content. Subsequently, the samples were combusted at 480°C for 12 h for determination of sediment organic content.
Measurements of UV irradiation-UVB from 280 to 320 nm was measured with 1.3 nm resolution using a nonscanning double monochromator with a microchannel plate detector. The device operates in a photon-counting mode in 32 parallel channels and a dynamic range of -lOG.
Ozone data--Data on total atmospheric ozone content were measured with a Dobson spectrophotometer at the Solar Radiation Observatory/German Weather Service at Potsdam. (TOMS data were used to check homogeneity of the ozone layer over the Bremerhaven North German area.) Atmospheric ozone contents were 296 DU on 27 April and 299 DU on 28 April 1993, and 343,369,368,359 DU on 8 May, 9 May, 10 May, and 11 May 1995, respectively.
A4easuremems of DOC-DOC
was measured with hightemperature catalytic oxidation (HTCO) using a Shimadzu TOC 5000 analyzer with a platinized-alumina catalyst. Samples were filtered through Whatman GF/E sealed into 20-ml glass ampoules, and stored at -30°C prior to analysis.
Results
Seasonal variations of H,O, concentrations on an intertidal sandflat-Monthly measurements of the H,O, concentrations in intertidal pool water from the sampling area are depicted in Fig. 1 . The data show a clearcut seasonality with winter values (December-March) below 500 nmol liter-' and highest sun-mer values (April-October) between 1,500 and 4,500 nmol liter-' throughout the 4-yr study. In each of the 4 yr a summer minimum occurred during June and July (i.e. around summer solstice), with H,O, values dropping to as low as 1,000 nmol liter-I. over two tidal emersion periods on 27 April and 28 April 1993. Sampling was started 1 h before and ended 3.8 h after low tide. The measured peroxide concentrations are related to the tidal time (i.e. hours before and after low tide) in order to visualize the effect of the duration of sunlight exposure of the pools. Low tide was at 1045 h on 27 April and on 1115 h on 28 April 1993. On both days, the weather was very sunny with 296 DU of atmospheric ozone, without clouds (O/8) and unusually warm for the season. Water temperatures in the tide pool were between 17°C (27.4) and 19°C (28.4) in the morning and increased to up to 26°C in the afternoon. Salinity was between 18.5 and 19 throughout, and oxygen concentrations were between 6.2 and 7.2 ml liter-', corresponding to a supersaturation between 5 and 20%.
On both days, relatively high concentrations of -1.8 kmol liter-l H,O, were measured in the morning 1 h before low tide. The highest peroxide concentrations were reached 2.2 h after low tide on 27 April and 1.8 h after low tide on 28 April. Maximal hourly net production was 954 + 447 nmol liter-' on 27 April (calculated between 1200 and 1400 h) and 568 + 277 nmol liter-l on 28 April (between 1115 and 1400 h), respectively. A decrease of the peroxide concentrations in the afternoon 4 h after low tide (1530 h) was recorded only on the second day on which sampling was possible until 1600 h.
Two years later, in May 1995, we obtained a comparable set of data on H,O, production over a tidal emersion period in the same tide pool. In contrast to the first campaign (April 1993), the sky was 7/8 clouded and the ozone content was between 340 and 370 DU. The tide pool water had a salinity of 18.7. Water temperatures stayed between 14 and 17°C throughout the measurements, and oxygen saturation was 97% corresponding to 6.25 ml liter-l at 14°C and to 5.87 ml liter-' at 17°C. DOC concentrations in tidal pool water were between 6,000 and 7,000 pmol C liter--l.
H,O, concentrations measured in 1995 were far below the measurements of 1993 and reached values between 800 nmol liter-1 in the morning and maximal concentrations of 1,690 nmol liter-'. Hourly peroxide production in the tide pool water amounted to 324 f. 121 nmol liter-l on 10 May. However, the dynamics of peroxide accumulation were the same in both years, and maximal values were again obtained 2 h after low tide. Figure 3 gives an example of the dynamics of UVB irradiation at 300 nm (W cm -2 nm-I) and the resulting H,O, gross accumulation in a tide pool. Due to the variable cloud cover, an obvious correlation between shortterm variations (peaks) of UVB intensity and production of peroxide could be observed.
Efsects of UV on' H202 dynamics-An action spectrum for H,O, formation was obtained. Figure 4 shows the resulting H,O, accumulation under different cut-off filters on the H,O, net and gross accumulation in tidal pool water at Dorum on 10 May 1995. Net accumulation derives directly from the measured concentration. Gross accumulation was corrected for the amount of peroxide that decomposed during the time interval between two samplings. The rate of decomposition of H,O, was measured in 500 ml unamended seawater from the tide pool and kept in the dark at ambient temperature. Under these conditions, the following degradation characteristic was found: cr = cCje,e-0.0031(t-t J, where co is the initial concentration at time to and c, is the residual concentration after time t -to in minutes. Table 1 gives the hourly net-and gross-production rates of H,O, in intertidal pool water under different cut-off filters, as calculated from the net-and gross-accumulation data. Cutting off the complete WA and WB range with GG420 resulted in a net production of 47 + 25 run01 liter-I h-l and a gross production of 92 + 35 nmol liter-l h-j, indicating that even photosynthetic active radiation between 400 and 700 nm leads to a minor production of reactive oxygen species (ROS) in sandy intertidal pools. All other filters promoted H,O, forma- Table 1 . Action spectrum of mean hourly net and gross production of H,O, in intertidal pool water for different UV ranges and PAR (photosynthetic available radiation). Data in nmol liter-' h-l during an ebb tide on 10 May 1995. Approximately 500 ml of water were enclosed by Plexiglas corers and covered with cut-off filters for different ranges of UVA and UVB radiation. Low tide: 1500 h, T: 14-17"C, ozone: 368 DU, DOC: 6,000 and 7,000 pmol C liter-l (n = 10).
Cut-off filter
Net production (nmol liter 1 h-l) tion to differing extents. The major production occurred between 420 and 320 nm, i.e. in the UVA range. Maximal UVA input (WG320) resulted in a gross production of 226 L 64 nmol liter-' h-I H,O, over 5 h, before concentrations began to fall again. Including the UVB range (WG295) resulted in a gross production of 371 2 134 run01 liter-I h-l H,O, of which 60% consequently is due to UVA photons, whereas 40% can be attributed to UVB irradiation.
An action spectrum was also measured under controlled conditions in 2. sunlight-simulator experiment in February 1996. DOC wa::er concentrations were between 322 and 533 kmol C liter-l (Table 2) . Under experimental conditions simulating 220 DU ozone at 2O"C, hourly H,O, production rates were slightly higher in the UVA and the PAR range than the May in situ rates. Only with WG295 did we obtain higher production rate:; in the UVB range, compared to the UVA range, under these simulated low ozone conditions. conditions. Differences between in situ and experimental conditions were marginal and stayed within the range of standard deviation. Both the in situ and the simulated action spectra of H,O, production displayed decreasing rates along with a diminishing proportion of high-energy UV radiation. The effect of PAR (GG420) was nearly the same under experimental and natural conditions.
EfSect of temperature on H202 production-Temperature per se has no effect on H,O, production (Fig. 5) . Under controlled conditions with whole-spectrum irradiation (UVtransparent quartz filter) of natural seawater from the intertidal sampling site, we measured mean production rates of 277 t 69 nmol liter-l h-l at 5"C, 297 t 110 nmol liter-l h-l at lO"C, and 269 + 100 nmol liter-l h-l at 15°C.
EfSect of the sediment on H202 accumulation-In a second in situ experiment we tested the impact of the sediment on H,O, accumulation in tidal pool water. As only one filter of each type of cut-off characteristic was available, we used two filters with very similar characteristics as a pair. The filter that permitted more photons to pass (shorter cut-off X) was used with sediment. The same water volume (500 ml) was incubated in a glass jar topped with a filter, which cuts off at a slightly longer wavelength. This water was not filtered and had no contact with the sediment underneath; for example, WG295 was used with, and WG305 without sediment, so that lower production in incubations with sediment was clearly relatable to sediment-induced decomposition. All incubation experiments were done in the tide pool during ebb tide on 11 May 1995. Temperature and oxygen saturation were recorded in each of the incubated water volumes at hourly intervals. Table 3 gives hourly net-production rates under different filters with and without sediment, as well as the final temperature in "C and oxygen saturation in % at 1640 h in each experimental core. H,O, production rates exhibited large variations over ebb-tide periods, relating mainly to short-term changes of irradiation. Even episodic cloud cover, screening off the sun for minutes, led to a spontaneous decrease of production, while decomposition continued undisturbed. Thus, the production rates observed throughout the day in one and the same sample varied between 600 nmol liter-' h-l and 0 production, leading to high standard deviations of the calculated mean rates in Table 2 .
Quite apart from these difficulties, the experiment clearly revealed major differences of H,O, stability, owing to the , impact of the sediment. Based on the assumption of equal production under WG295 and WG305, which is in fact a debatable prerequisite, the degrading effect of the sediment accounts for -55% of the production observed without sediment. Production rates under WG320 and WG335 cut-off filters were naturally lower, so that the decomposition effect of the sediment (WG320) appears even more pronounced and led to a 60% reduction of peroxide net production, compared to the water volume incubated without sediment (WG335). Slightly elevated temperatures and oxygen saturation levels in the Plexiglas corers (WG295 and WG320), compared to the glass jars, had no increasing effect on H,O, production rates.
H202 measurements at sublittoral stations- Figure  6 summarizes H,O, profiles in the water column, the benthic boundary layer, and sediment porewater at three sublittoral stations in the North Sea on 14 June 1993. Surface water concentrations differed with daytime. The lowest surface values were measured at 1130 h (Fig. 6a) , while the highest surface values were reached around 1600 h (Fig. 6b) . The peroxide concentrations measured in the water column either decreased due to downward mixing or showed homogeneous concentrations throughout (Fig. 6a) . Peroxide concentrations in the sediment-water boundary layer collected from the water overlying the sediment cores were two-to four-fold higher than the concentrations in bottom water (sampled 1 m above ground with a Niskin sampler). The measurements of subtidal porewaters from the cores either corresponded to the sediment-water boundary layers or displayed slightly higher values. Maximal values recorded in subtidal porewater were -300 nmol liter-l.
Discussion
Photochemically produced H,O, accumulates in shallow surface pools in intertidal Wadden sandflat areas. To our knowledge, these data represent the first long-term documentation of the seasonal variability of peroxide accumulation in intertidal areas, depicting winter concentrations mostly CO.5 p,mol liter] and summer concentrations in the 1-4.5 kmol range. The relative scatter within the summer concentration data reflects dependency of acute H,O, concentration from diurnal concentration dynamics, as well as the tide-dependent exposure time of the surface water and the specific levels of UV radiation and cloud cover on each particular sampling date. H,O, minima around summer solstice cannot be explained on the basis of our data. They may be related to regularly reoccurring bad weather periods as well as to a summer minimum of intertidal oxygen sensitizing DOC content due to increased microphytobenthic production.
Diurnal variability of peroxide concentration in tide pool water documents increasing net accumulation with time of exposure to solar radiation over an ebb-tide cycle during spring 1993 and 1995. In April 1993 incident solar radiation was not recorded during the H,O, measurements. On both days maximal peroxide concentrations were measured around 1300 h, 2.2 h (27.4.) and 1.8 h (28.4) after low tide, when the solar zenith angle is at its daily minimum, i.e. the time of maximal solar irradiation. Maximal peroxide levels were considerably higher in 1993, corresponding to the low ozone density of 296 DU, and the prolonged time of sunlight exposure, with low tide prior to noon.
In May 1995 UV radiation was continuously recorded and related to peroxide accumulation rates. As shown in Fig. 7 , distinct cloud cover-dependent peaks of UVB were immediately followed by corresponding variations in the H,O, production rate. Our data permit a direct assessment of the amount of peroxide produced in five wavelength intervals ranging from UVB to PAR (Table 4 ). The number of UVB photons per time and surface unit was computed from the measured spectral irradiance by integrating from 295 to 320 nm in 1.3-nm steps using the equation: n photons s-l cm-2 320 = 1; E(W cmp2 nm-])5.03 X 1015h (nm).
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The photons in the other ranges preset by the cut-off filters used were calculated from a solar spectral irradiance at an Table 4 . Relative efficiency of UV and PAR photons with respect to H,O, photoproduction in intertidal pool water, Dorum, May 1995 (airmass = 1.2, ozone = 340-370 DU (a), and under controlled simulator conditions (b), airmass = 1.2, ozone 220 DU). Table 4. airmass of 1.2 fitted to our measurements at 320 nm with the same airmass. Parallel PAR measurements with a Licor instrument are in agreement with this computation. Grossproduction rates of H,O, for each wavelength interval depicted in Table 4 derive from a least-square fit of our in situ measurements in May 1995. Table 4a shows that the efficiency of a UVB photon for the formation of an H,O, molecule is -340 times higher than that of a PAR photon. As our action spectrum results from only five wavelength intervals, it can be inferred that the actual efficiency of a 295 nm photon is even more than the 340-fold of a 700-nm photon. H,O, formation under experimental conditions in the sunshine simulator basically revealed the same trend (Table  4b ). The quantum efficiency normalized to 1 for the PAR region shows good agreement with the field measurements except for the UVB range. In contrast to the in situ experiment, we subdivided the range between 295 and 320 nm into two regions by an additional cut-off filter at 305 nm. The strong increase of the efficiency in the short wavelength range <305 nm shows that a precise action spectrum (Fig.  8 ) would benefit from a higher resolution of at least 5-nm steps. Taking into account the slight differences of cut-off filters used under experimental and under in situ conditions, the photon efficiencies depicted for different spectral ranges in Table 4 are in a remarkably good agreement.
What, however, becomes evident from our data is that the sediment also acts as a major sink for H,O,. Up to 60% of the photochemically produced H,O, is immediately lost via enzymatic or chemical decomposition within the sediment surface. It is biologically metabolized via catalase and peroxidase from decaying cells or algal exudates in the water (Pamatmat 1990; Moffett and Zafiriou 1990) . Other sinks could be a slow spontaneous decay and oxidation of dissolved organic matter (Szymczak and Waite 1988 ) and interaction of H,O, with Fe*+ through photofenton reactions (Scully et al. 1996) . Thus, in our tidal pool system, photochemically produced H,O, had a half-life of -1 h, i.e. far less than was found in unfiltered seawater by Petasne and Zika (1987) .
The diurnal pattern of H,O, accumulation in the tidal pool system is controlled by photochemical production and the concomitant biological and chemical degradation processes. When photoproduction exceeds degradation a net accumulation can be measured with highest concentrations in the early afternoon. With decreasing intensity of solar radiation, decomposition exceeds production, leading to a decrease of .the net H,O, accumulation.
As for the ecological relevance of the action spectrum note that, although the relative number of solar UVA photons per surface unit is far higher than the number of UVB photons (Table 4) , an 1 l-fold photochemical dose-response relation of UVB photons will clearly make up for the smaller number.
Diurnal patterns of peroxide concentrations have been reported previously for surface waters in estuaries (Szymczak and Waite 1988) , inland seas (Johnson et al. 1989; Fujiwara et al. 1993) , and also for the Atlantic Ocean (Weller and Schrems 1993). Zika et al. (1985) , while investigating temporal H,O, variability in the Gulf of Mexico, stated that diurnal trends appear more pronounced in coastal than in oligotrophic open sea waters. In all studies, photochemical formation via excitation of UV-absorbing DOC was identified as the major source of H,O, in seawater. This explains the sharply decreasing water column profiles found in many of the aforementioned investigations, as well as in profiles we measured in the open North Sea. The only other potential source, which may significantly increase surface H,O, levels in open ocean, is atmospheric deposition in rain (Cooper et al. 1987; Thompson et al. 1989 ). H,O, production in intertidal surface waters of the North Net accumulation of H,O, in the investigated Wadden surSea Wadden coast is largely driven by UV photooxidation face pools was however much higher than found in open of organic matter. Peroxide formation by PAR photons, i.e.
water surfaces, which, due to vertical mixing, nearly always under the GG420 cut-off filter, accounts for between 15 an stayed below <300 nmol liter-l. As neither temperature nor 30% of the effect of the total solar spectrum. We did, howoxygen saturation seems to have a distinct effect on peroxide ever, not investigate the possible biogenic contribution to accumulation, we tend to attribute this difference to the el-H,O, sources in the sediment surface. Peroxide formation by evated levels of UV-absorbing DOC in the tide pools, which phytoplankton in the dark and by bacteria has been demin the range between 6,000 and 7,000 pmol C liter-l are 5-onstrated (Palenik et al. 1987 Johnson et al. (1989) , who suggested that algae exude organic carbon compounds that are then photochemically activated. On the other hand, as stated by Johnson and coworkers, algae could also directly liberate metabolically produced peroxide under light conditions into the water column pools also excludes vertical mixing with peroxide-free deeper waters. Our study indicates that macro-and meiofauna in intertidal sediments have to deal with substantial amounts of cytotoxic peroxide in their environment. For various intertidal invertebrates a concentration of 5 ymol H,O, liter' has been shown to reduce metabolic rates and induce a response in tissue antioxidants (Abele-Oeschger et al. 1994; Buchner et al. 1996; Abele-Oeschger and Buchner 1995) . A question of general interest is whether decreasing spring and summer stratospheric ozone concentrations, leading to an increase of UVB surface irradiance, may adversely affect intertidal ecosystems via an increase in H,O, production. As stated by Frederick and Lubin (1994) , a 10% decrease in column ozone will lead to -5% increase in surface irradiance at 320 nm, while at 300 nm the same ozone decline entails a 100% increase in the UVB irradiance. On the basis of H,O, grossproduction rates (Table 1 ) and assuming a mean value for the maximal peroxide production of 350 nmol liter-l h-l (371 nmol liter-l h-l with WG 295 and 324 nmol liter-l h-l without filter), we can calculate a difference of -120 nmol liter-l h-l due to the effect of UVB photons. A doubling of this effect would lead to an increase in the H,O, surface concentration by 35% to -470 nmol liter-l h-l. Maximal accumulation would then increase from 2,500 nmol liter-1 to -3,400 nmol liter-l. As an example, we may recall that concentrations of >4,000 nmol liter-l were reached in April 1993, when column ozone was reduced by -20% (from 380 DU to 299 DU). These rough estimations elucidate the effect that ozone depletion may have for tidal pool ecosystems, indicating why even infauna organisms, which are not directly exposed to solar radiation need elevated levels of H,O, decomposing enzymes such as catalase and glutathione peroxidase during spring and summer (Morrill et al. 1988; Abele-Oeschger et al. 1994) .
We think that H,O, generation and turnover in intertidal surface waters warrants further investigation with respect to sediment geochemistry, the dynamics of photosensitive DOC, and ecophysiology in marine intertidal and shallow water environments.
There even is a possibility that effects on plant and animal physiology, attributed to elevated solar UV radiation and obtained under experimental conditions, will have to be reconsidered because the observed effects may in reality have been caused by active oxygen species that can multiply the apparent UV toxicity. This observation applies to experimental work, in which organisms were exposed to natural or artificial UV light in relatively small water volumes, where H,O, concentrations will increase depending on the DOC content. It seems preferable therefore to restrict UVexposure experiments to flow-through systems or to introduce a catalase-coated filter into the system.
